Abstract Rationale: Drugs with addictive liability have a high probability of co-abuse in many addicts. For example, cocaine users are several times more likely to smoke cigarettes than non-cocaine users, and smoking increases during cocaine use. Previous work has provided evidence that nicotine and cocaine have interactive neurochemical effects, particularly with regard to dopamine (DA) transmission. Objectives: The present study examined the impact of nicotine treatment on the reinforcement efficacy of self-administered cocaine and nonreinforced responding for cocaine in rats. Methods: Rats were trained to self-administer cocaine (i.v.) on a progressive ratio (PR) schedule of reinforcement. Selfadministration training continued until stable responding was obtained. Acute nicotine pretreatment consisted of a subcutaneous injection (0.15, 0.3 and 0.6 mg/kg) 3 min prior to cocaine access. In the repeated treatment condition, a separate group of animals was given nicotine (0.6 mg/kg, s.c.) 3 min prior to cocaine access for 14 consecutive days. During extinction trials, these animals were injected with nicotine (0.6 mg/kg, s.c.) after 45 min of non-reinforced responding. Results: Acute nicotine treatment produced an inverted U-shaped dose-response function with lower doses increasing and the highest dose decreasing the number of cocaine infusions obtained during a session. Animals treated repeatedly with the highest dose of nicotine showed a significant increase in the number of cocaine infusions by day 8 of nicotine treatment. During extinction sessions when cocaine was not available, injections of nicotine in these animals caused a reinstatement of the previously rewarded lever-press behavior. Conclusions: These findings indicate that nicotine can facilitate cocaine reinforcement, may contribute to the transition from moderate drugtaking to an escalation of drug intake which is characteristic of addiction, and may trigger relapse.
Introduction
The compulsive need to take a drug and the inability to control the amount of drug consumed are characteristic of drug addiction in humans (American Psychiatric Association 1994; McLellan et al. 2000) . Addiction is also associated with a high probability of relapse to drug taking after periods of abstinence. In fact, many former drug addicts remain highly vulnerable to return to drug abuse even after many years of abstinence. Often, drug craving and potentially relapse to drug taking can be triggered by seemingly minor stimuli that were repeatedly experienced during drug-taking episodes (Childress et al. 1988; O'Brien and McLellan 1996) . Understanding which factors contribute to the escalation of drug intake and relapse to drug taking after abstinence are critical steps toward establishing effective treatments for addiction.
Drugs with addictive liability have a high probability of co-abuse in many addicts. Psychostimulants (such as cocaine), alcohol and nicotine are among the most likely drugs to be co-administered. For example, cocaine users are several times more likely to smoke cigarettes than non-cocaine users, and smoking increases during cocaine use (Higgins et al. 1994; Roll et al. 1996) . Reid and colleagues have shown that cocaine addicts report increased cue-induced craving for cocaine following nicotine treatments and reduced craving following treatment with a nicotinic antagonist (Reid et al. 1998 (Reid et al. , 1999 . These findings might be explained by reports by humans that nicotine and cocaine have similar subjective effects (Jones et al. 1999 ) and studies showing that nicotine substitutes for cocaine in a discriminative stimulus paradigm in rats (Desai et al. 1999) . Clearly, these findings suggest that the reinforcing effects of cocaine may be modulated by exposure to nicotine.
It has been firmly established that many drugs of abuse share a common mechanism in their ability to increase dopamine (DA) levels in the nucleus accumbens (NAc) (Imperato et al. 1986; Wise and Bozarth 1987; Koob and Bloom 1988) . While the role of DA has been thoroughly investigated, there is mounting evidence that other neurotransmitters, including serotonin (McGregor et al. 1993) , glutamate (Dworkin et al. 1995) , gamma-aminobutyric acid (Peris 1996) , and the cholinergic system (Mark et al. 1999b ) also contribute to the function of the mesocorticolimbic system in drug reward.
The cholinergic system impacts mesolimbic nuclei at several levels. Cholinergic interneurons are present in the NAc and nicotinic acetylcholine receptors (nAChRs) are present on both the cell bodies of dopaminergic neurons in the ventral tegmental area (VTA) and their terminals in the NAc (Lehmann and Langer 1983; Clarke and Pert 1985) . Functional studies using microdialysis have shown that nicotine activates the mesolimbic system and causes an increase in DA output (Damsma et al. 1989; Mifsud et al. 1989) . Cocaine self-administration also results in increased synaptic availability of DA and stimulates ACh release in the NAc that can activate nAChRs (Kalivas and Duffy 1988; Mark et al. 1999a) . Moreover, when cocaine and nicotine are administered simultaneously, their effects on NAc DA levels can be additive (Zernig et al. 1997; Gerasimov et al. 2000) . Since DA is an integral component of drug reward, these findings suggest that nicotine has the potential to amplify the reinforcing properties of other abused drugs.
In the studies reported here, we sought to examine the interaction of nicotine and cocaine reward. The objectives of the experiments were twofold. First, we wanted to examine the effects of acute and repeated exposure to nicotine on the reinforcing efficacy of cocaine. To do this, we measured lever-press responding in rats for i.v. cocaine on a progressive ratio (PR) schedule of reinforcement before and after systemic injections of nicotine. The second objective was to determine whether exposure to nicotine during cocaine abstinence would reinstate a previously reinforced cocaine-seeking behavior.
Methods

Subjects
Thirty male Sprague-Dawley rats weighing approximately 300 g were used in these studies and maintained according to the guidelines set forth in the NIH publication "Principles of laboratory animal care " (1996) under the approval of the University's Institutional Animal Care and Use Committee. Animals were housed individually following surgery in a temperature-controlled environment (22°C) with a 12-h/12-h day/night schedule initiated at 0600 hours. All animals had free access to food and water while in their home cages throughout the experiment.
Drug dosage and preparation
Cocaine HCl was generously supplied by the National Institute on Drug Abuse and was dissolved in physiological saline (0.9%). (-)-Nicotine di-D-tartrate (Sigma, St Louis, Mo.) was dissolved in physiological saline (0.9%) and the pH adjusted to 7.3 with dilute NaOH. The doses administered refer to the salt.
Surgery
Animals were anesthetized with pentobarbital (20 mg/kg, i.p.) supplemented by ketamine (40 mg/kg, i.p.) and implanted with intrajugular catheters assembled based on methods previously described elsewhere Parsons et al. 1998) . Briefly, the catheters were constructed of micro-renathane tubing (0.025 mm OD × 0.012 mm ID; Braintree Scientific Inc., Braintree, Mass.) connected to L-shaped external guide cannulae (Plastics One Inc., Roanoke, Va.), which were fastened to polypropylene mesh with cranioplastic cement. The tip of the catheter was inserted into the right or left jugular vein approximately 27 mm while the distal end was threaded subcutaneously to an exit point between the scapulae. Animals were allowed to recover for a minimum of 5 days. Catheters were flushed with 0.2 ml physiologic saline containing heparin (70 U/ml) and an antibiotic (ticarcillin: Timentin, 100 mg/ml; Smithkline Beecham, Philadelphia, Pa.) daily. Catheter patency was tested when necessary by infusion of the fast-acting barbiturate Brevital (methohexital sodium; 1 mg/0.1 ml; Lilly, Indianapolis, Ind.). Catheters were deemed patent in animals showing profound loss of muscle tone within 5 s of infusion.
Self-administration training
Following recovery from surgery, animals were placed in an operant conditioning chamber and the i.v. catheters were attached to an infusion line. This line was connected to a syringe that contained a cocaine solution and was mounted on a syringe pump. Animals were trained to bar press for an acquisition dose of cocaine (0.25 mg per infusion, i.v.) on a fixed ratio (FR) 1 schedule of reinforcement and maintained at that dose until stable responding was maintained for three consecutive days (±10%). The reinforcement schedule was then changed to the PR schedule of reinforcement described by Parsons et al. 1998 with a maximum session of length of 5 h.
To determine the effect of unit dose (i.e. the amount of cocaine received per infusion) on drug intake, we established doseresponse functions using both FR and PR reinforcement schedules. Eight rats were trained to bar press for a maintenance dose of cocaine (0.25 mg per infusion) on a FR 1 reinforcement schedule until stable responding was obtained (3 days of ±10%). Then, two test doses (0.03 mg and 0.10 mg per infusion) were administered in counterbalanced order for one 3-h session per dose per day. One day of access to the maintenance dose of cocaine was intercalated between the two test doses. After the FR cocaine dose-response function was established, the reinforcement schedule was changed to a PR reinforcement schedule, and animals were allowed to bar press daily for a maintenance dose of cocaine (0.10 mg per infusion) until stable responding was obtained (3 days of ±10%). For this dose-response function, the maintenance dose was reduced from the 0.25-mg per infusion dose used previously to prevent a ceiling effect on responding encountered in pilot studies. The PR reinforcement schedule session continued until 1 h had lapsed without reinforcement with a maximum session length of 5 h. After stable responding for the maintenance dose of cocaine was obtained (3 days of ±10%), two test doses (0.03 mg and 0.30 mg per infusion) were administered in counterbalanced order for one daily session per dose. Between the two test doses, animals were given access to the maintenance dose for three daily sessions. In order to establish a more accurate log/linear relationship between doses, the highest dose for the PR dose-response function was increased slightly above that used for the FR dose-response function (0.30 mg vs 0.25 mg per infusion).
Experimental procedures
Experiment 1: cocaine self-administration after initial nicotine treatment
Six rats were trained to bar press for i.v. cocaine on a PR schedule as described above. After 3 days of baseline measurement (±10%), rats were injected with nicotine (0.15, 0.30, and 0.60 mg/kg, s.c.) or saline 3 min prior to a self-administration session, during which they were allowed to bar press for i.v. cocaine (0.25 mg per infusion). All of the nicotine doses were administered to each animal in counterbalanced order and were chosen based on previous studies that examined the locomotor effects of s.c. nicotine (Clarke and Kumar 1983; Ksir et al. 1987) . Rats typically vocalized and showed increased respiration rate after initial nicotine injections. These behaviors diminished with repeated injection in the second experiment.
Experiment 2: cocaine self-administration after repeated nicotine
Twenty-two animals were trained to respond on a PR schedule of reinforcement for i.v. cocaine as described above (six of these rats had been used previously to establish dose-response functions). After stable responding was obtained (±10%), 15 animals were given a nicotine injection (0.6 mg/kg, s.c.) 3 min prior to each daily self-administration session, during which they were allowed to bar press for cocaine (0.10 mg per infusion) on a PR schedule of reinforcement for 14 consecutive days. The remaining seven animals included in this experiment received saline injections just prior to cocaine self-administration sessions for 14 consecutive days.
Experiment 3: nicotine induced non-reinforced responding for cocaine after repeated nicotine
After completion of the second experiment, the eleven remaining animals from the nicotine group in experiment 2 were subjected to six extinction trials. Rats that received 14 days of nicotine prior to cocaine access were first given four daily 1-h sessions of cocaine extinction training. In these sessions, rats received injections of nicotine (0.6 mg/kg) and were then placed in the chamber where cocaine was no longer available and allowed to bar press without consequence for 60 min. By the end of the forth session, rats usually ceased responding within 30 min of the start of the session. On extinction day 5 and day 6, no injection of nicotine was given before the session, and animals were allowed to bar press without consequence for 45 min after which they were injected s.c. with either nicotine or saline (counterbalanced on consecutive days) and again allowed to bar press for 45 min. A separate control group of nine animals was treated exactly as described above with the exception that they received saline injections just prior to cocaine access for 14 consecutive days rather than nicotine. These rats received nicotine injections for the first time during testing on extinction day 5 or day 6.
Statistical analyses
Data were normalized to a percentage of the baseline score for treatment days. The baseline was calculated as the average of the 3 days of self-administration just prior to the test day. Data were analyzed using two-way analysis of variance (ANOVA) followed by appropriate one-way ANOVAs and Tukey's HSD t-tests.
Results Figure 1 shows the mean (±SEM) number of cocaine infusions obtained during daily self-administration sessions where animals bar pressed for varying doses of cocaine on either a FR 1 (a) or a PR (b) schedule of reinforcement. One-way within-subjects ANOVA for cocaine dose on a FR 1 schedule of reinforcement demonstrated a significant main effect of dose on the number of cocaine infusions (F 2,14 =41.81, P<0.001). Post-hoc tests revealed that rats received more infusions at the 0.10-mg per infusion dose than at the 0.03-mg and 0.25-mg per infusion doses (Tukey's HSD; P<0.001). One-way within-subjects ANOVA for dose on a PR schedule of reinforcement revealed a significant effect of cocaine dose on the number of infusions (F 2,14 =46.400, Experiment 2: effect of repeated nicotine on cocaine self-administration Figure 3A shows representative infusion records from the first and fourteenth self-administration sessions for a nicotine-treated animal. Initial nicotine treatments typically resulted in fewer infusions during the beginning of the session accompanied by a greater time between infu- . During the extinction session, animals reached near-zero levels of responding. However, when animals were injected with nicotine (arrow) after 45 min of non-reinforced responding, they showed a significant increase in responding during the 5-min period following the injection relative to when they were injected with saline (n=11). C Responding on the inactive lever was not significantly different when animals were treated with nicotine relative to when they were treated with saline. Data are presented as the number of responses per 5 min (mean±SEM). *P<0.001 [Tukey's HSD after repeated-measures, two-way ANOVA analyses (drug × time) across 90 min] injections just prior to cocaine access. Two-way, repeatedmeasures ANOVA revealed a significant main effect of treatment (F 1,20 =4.44, P<0.05). Post-hoc tests revealed a significant increase in the number of non-reinforced responses during the 5-min period just after nicotine injections relative to that period just after saline (Tukey's HSD; P<0.05). Figure 4C shows the responses on the inactive lever during the extinction trials. Responding on this lever after nicotine was not different from that after saline. Figure 5A shows the mean (±SEM) number of nonreinforced responses on the active lever (pooled over 5-min bins) during the 90-min extinction trials in animals that were given saline injections just prior to cocaine access for 2 weeks before extinction testing. Figure 5B shows the mean (±SEM) number of responses on the inactive. In contrast to rats that received 2 weeks of nicotine, the number of bar presses on the active and inactive levers did not differ when these animals were injected with nicotine relative to when they were injected with saline.
Discussion
In these experiments, we found that 0.60 mg/kg of acutely administered nicotine reduced cocaine intake on a PR reinforcement schedule. When nicotine was given repeatedly before cocaine access, however, rats demonstrated an escalation in daily cocaine self-administration. After several days of extinction training, nicotine injections reinstated responding for cocaine in these rats.
We compared responding on FR and PR schedules of reinforcement and found that the PR schedule yielded a nearly linear relationship between the cocaine unit dose and the number of cocaine infusions. This finding is consistent with previous reports (Roberts et al. 1989; Parsons et al. 1998) and is interpreted as representing the increase in cocaine's reinforcing effect with increases in dose. Responding on this PR schedule, rats showed a modest decrease in cocaine infusions when they were injected with an acute dose of 0.6 mg/kg nicotine, which suggests that the reinforcing value of cocaine was reduced following nicotine. In contrast, after acute injections of low doses of nicotine (0.3 mg/kg), rats increased responding, which implies that the reinforcing efficacy of cocaine may have been moderately augmented. Alternatively, both of these findings may reflect the acute locomotor effects of nicotine when it is administered to nicotine-naive animals. Previous studies have shown that a high dose of nicotine similar to the high dose used in the current study suppressed locomotor activity (Clarke and Kumar 1983; Ksir et al. 1987) , whereas lower doses increased locomotion (Ksir et al. 1987) . It is possible that suppression of locomotor activity following 0.6 mg/kg nicotine accounted for the decrease in responding for cocaine, and the increase in responding following lower doses of nicotine may have been due to non-specific locomotor activation. We did not detect a difference in 182 sions than during the baseline distribution. However, by the last nicotine treatment, an increase in the number of infusions during the beginning of the session and a decreased time between infusions was characteristic. Figure 3B shows the mean (±SEM) number of cocaine infusions (% baseline) obtained during the first 60 min of PR reinforcement schedule sessions prior to which animals were treated with either nicotine or saline daily for 14 days. Two-way, repeated-measures ANOVA yielded a significant treatment × day interaction (F 13,260 =3.38, P<0.0001) . Post-hoc analyses revealed a significant difference in the number of cocaine infusions between nicotine-and saline-treated animals on days 8-14 of nicotine treatment (Tukey's HSD; 12-14, P<0.05). Figure 3C shows responses on the inactive lever over the 14 days of treatment. Responses on this lever did not differ from baseline number after saline or nicotine treatment.
Experiment 3: effect of nicotine on non-reinforced responding for cocaine after repeated nicotine Figure 4A shows representative response records during extinction sessions of an animal treated with nicotine. Animals typically emitted a burst of responding just after a nicotine injection that was not observed following a saline injection. Figure 4B shows the mean (±SEM) number of non-reinforced response on the active lever pooled over 5-min bins during the 90-min extinction trials in animals that were repeatedly given nicotine responses on the inactive lever between any dose of nicotine and saline treatments which suggests that increased cocaine intake was not due to general activation. Still, because activity on this lever was consistently very low, a reduction in responding following a high dose of nicotine would have been difficult to detect so we cannot rule out locomotor suppression as the cause of decreased cocaine intake in this experiment.
Repeated exposure to nicotine has been reported to result in tolerance to its locomotor suppressant effects so, in the second study, animals were treated daily with nicotine before access to cocaine. Over the course of 2 weeks and beginning as early as a few days, exposure to nicotine caused a progressive increase in cocaine selfadministration. The temporal pattern of this effect was consistent with our first experiment and with previous reports showing that acute exposure to nicotine in drugnaive rats causes reduced locomotor activity that dissipates with repeated exposure (Clarke and Kumar 1983; Ksir et al. 1987) . Animals treated with nicotine significantly increased their cocaine intake by day 8, while the level of daily cocaine intake remained relatively stable in vehicle-treated rats. The progressive increase in cocaine responding across days in nicotine-treated rats is consistent with nicotine having increased the reinforcement value of cocaine. It is unlikely that nicotine's effects were due to its general locomotor activating effects since the number of responses on the inactive lever did not differ between nicotine-and saline-treated rats.
When these rats received an injection of nicotine during the extinction test session they emitted a "burst" of non-reinforced responses immediately after nicotine which did not occur when they were injected with saline. This finding shows that nicotine can elicit cocaine-seeking behavior. Previous studies have shown that prior exposure to nicotine facilitates acquisition of cocaine selfadministration (Horger et al. 1992) . However, consistent with the results from our control group (Fig. 5 ), Schenk and Partridge have shown that nicotine does not elicit non-reinforced responding for cocaine in nicotine-naive rats (Schenk and Partridge 1999) . It is possible that in experiments 2 and 3 of the present study, tolerance developed to the acute effects of nicotine in rats given repeated nicotine treatment (Fig. 3b, Fig. 4b ). If this tolerance occurred, nicotine may have acquired the potential to reinstate previously extinguished responding for cocaine because it became a discriminative stimulus (or cue) that signaled the onset of cocaine access. As the association between the psychological effects of nicotine and cocaine strengthened, exposure to nicotine in the absence of cocaine may have induced a state similar to that of cocaine "craving" (de Wit and Stewart 1981; Markou et al. 1993) . Our results represent an animal model consistent with recent data showing that human cocaine addicts report increased cue-induced cocaine craving after a nicotine treatment and, conversely, decreased cue-induced cocaine craving after administration of a nicotinic antagonist (Reid et al. 1998 (Reid et al. , 1999 . This model may have relevance for the development of effective intervention strategies for treating co-addiction to multiple drugs.
One feature of the transition from drug use to addiction in humans is a loss of control over the amount of drug that is consumed in a given drug-taking episode such that addicts take increasing amounts of drug over time (Gawin 1991; American Psychiatric Association 1994; McLellan et al. 2000) . In our study, rats given nicotine along with cocaine showed a similar escalation in drug intake, which may represent an animal model of this loss of control. Under certain drug-reinforcement schedules (such as the progressive ratio schedule used here), rats typically exhibit a stable level of cocaine intake over many days (Roberts and Richardson 1992; Stafford et al. 1998) , which is what we found in the control group that was given daily saline injections before cocaine access. With longer access times (and simpler, fixed-ratio reinforcement schedules) rats show a gradual increase in daily cocaine intake (Ahmed and Koob 1998) . Repeated exposure to nicotine results in a similar transition to heightened intake despite the difficulty of the progressive ratio response requirements. It has been argued that the switch from relatively stable drug intake to increasingly higher levels of consumption is driven by a change in a 'hedonic set-point' (termed allostasis) that an organism seeks to defend by escalating drug selfadministration Le Moal 1997, 2001 ). This allostatic process may be induced by the combined exposure to two stimulant drugs (i.e., cocaine and nicotine) and it is reasonable to suspect that this occurs because they act on a common neurobiological substrate. In this case, the ability of nicotine to augment cocaine reinforcement may be due to the fact that both drugs increase DA transmission in the mesolimbic system, an event that is central to the reinforcing properties of many drugs and natural stimuli (e.g., food, water, sex; Imperato et al. 1986; Wise and Bozarth 1987; Koob and Bloom 1988) . Nicotine activates DA neurons in the VTA that project to the limbic forebrain including the NAc and medial prefrontal cortex (Pidoplichko et al. 1997; Grillner and Svensson 2000) . Therefore, an explanation for nicotine's facilitation of cocaine reinforcement (as indexed by escalation of intake) is that nicotine directly activated VTA neurons leading to increased release of DA in the NAc and, therefore, cocaine, as a reuptake inhibitor, was consequently perceived as more rewarding. In support of this idea, results from microdialysis studies have shown that nicotine (Imperato et al. 1986; Schilstrom et al. 1998 ) and cocaine (Carboni et al. 1989; Weiss et al. 1992) increase DA concentrations in the NAc and, when given in combination, their facilitative effects on extracellular DA are at least additive (Zernig et al. 1997 ) and sometimes synergistic (Gerasimov et al. 2000) .
The neurobiological factors that contribute to drug craving and relapse are slowly being elucidated. Imaging studies in humans have identified several key neural substrates of drug and drug cue-induced craving including limbic pathways that mediate motivation, emotion, memory, and reward (Volkow et al. 1991; Grant et al. 1996; Childress et al. 1999) . In animals, it is known that stimulation of the ventral subiculum in the hippocampus reinstates cocaine-seeking behavior via a glutamate-dependent mechanism localized in the VTA (Vorel et al. 2001) . Our findings show that stimulation of nicotinic receptors, which are prominent in the hippocampus and VTA, could be the trigger that activates (and/or potentiates) the circuit described by Vorel and colleagues. Moreover, both nicotine and ventral subiculum stimulation increase VTA neuron activity and NAc DA along similar time courses (Gerasimov et al. 2000; Vorel et al. 2001) . Stimuli previously associated with access to cocaine can stimulate cocaine seeking for up to 2 months following drug withdrawal (Grimm et al. 2001 ). Since nicotinic activation is important for many forms of associative learning, it is tempting to consider that nicotine dependence might also exacerbate this phenomena. Because of the prominent role of nicotinic receptors in drug reward circuits, our findings suggest that a successful strategy for the treatment of psychostimulant addiction should include concurrent treatment for nicotine dependence.
